In cultured renal cells, hypertonicity activates multiple mitogen-activated protein kinases (MAPKs) and enhances the expression of heat shock proteins (HSPs). In rats, 24 h water restriction increased mean urinary osmolality ( U osm ) from 2,179 Ϯ 153 mOsm/kg to 2,944 Ϯ 294 mOsm/kg ( P Ͻ 0.001) and was associated with significant ( 
Introduction
The cells of the mammalian renal inner medulla are exposed to wide fluctuations in extracellular tonicity between states of diuresis and antidiuresis in the process of urinary concentration and dilution. Under the influence of vasopressin, the osmolality of urine may reach 1200 mOsm/kg in humans and 3,000 mOsm/kg in laboratory rats (1) . Mechanisms by which cells adapt to such potentially injurious levels of extracellular osmolality include increasing intracellular concentrations of "nonperturbing" osmolytes, either by sodium-coupled uptake of organic osmolytes such as inositol or betaine (2) , or by the generation of sorbitol through the action of aldose reductase on glucose (3) . Both of these functions are regulated at the level of transcription and are under the control of the osmotic response element (ORE) 1 (4) . Additionally, exposure of cultured kidney cells to hyperosmotic conditions increases expression of heat shock proteins (HSPs) (5-7) such as Hsp70, ␣␤ -crystallin, and the recently described Osp94, which has an expression pattern in kidney tissue that parallels the increasing osmotic gradient from the cortex to the inner medulla (8) .
The mitogen-activated protein kinase (MAPK) family includes the c-Jun NH 2 -terminal protein kinases (JNKs), extracellular signal-regulated kinases (ERKs), and p38 MAPKs, where the latter constitute the mammalian counterpart of the osmoregulated HOG-1 in yeast (9) . MAPKs have been shown to phosphorylate and activate transcription factors directly, thus regulating gene expression in response to stimuli which activate them (10) . All three are activated by hypertonicity in the cultured mouse inner medullary collecting duct cell line, mIMCD-3 (11) , as well as in other cultured renal cells (12, 13) . There is accumulating evidence that transcriptional upregulation of organic osmolyte transporter genes and HSPs in response to hypertonicity is mediated by activation of MAPK family enzymes (14-16).
Additionally, inhibition of JNK2 activity by expression of a dominant negative mutant sensitizes mIMCD-3 cells to killing by exposure to hypertonic medium (17) . We therefore hypothesized that since these pathways appear to be vital for cell survival in hypertonic conditions, they would show osmotically regulated activation in the rat renal papilla. The present experiments were thus performed to extend in vitro cultured cell observations on regulation of MAPK by hypertonicity into the in vivo setting. Furthermore, since we have evidence linking the activation of JNKs to HSP70 induction (15), we examined HSP expression under various hydration conditions. Our studies in the rat demonstrate that the activity of all three branches of the MAPK family in the renal papilla is modulated by the animal's hydration state, while papillary expression of several HSPs is already maximal even under water-loaded conditions.
Methods
Hydration state in rats. Male Sprague-Dawley rats between 200 and 250 g were housed in metabolic cages with food and water ad libitum for 24 h prior to the start of the experiment. At that point, water was removed from the "water-restricted" group, and 5% dextrose was substituted for water in the "5% dextrose solution" (D5W) group. All animals were given food ad libitum. Animals were treated in this manner for 24 h, after which urine was collected for 1 h prior to sacrifice. Urine osmolality was measured using a model 3MO MicroOsmometer (Advanced Instruments, Norwood, MA). Rats were euthanized by intraperitoneal injection with pentobarbital, and the kidneys were removed and dissected in ice-cold saline.
Cell culture. The established mIMCD-3 cell line is an SV40 immortalized line provided by S.R. Gullans (Boston, MA) (18) . The cells were routinely propagated in a 1:1 mixture of DME and Ham's F-12 nutrient mixture, supplemented with 10% FBS, 100 U/ml penicillin, and 100 mg/ml streptomycin.
Measurement of kinase activity. MAPK activity measurements were carried out as previously (11, 17) with minor modifications. Papillary and cortical tissue samples were dissected from the entire kidney and immediately homogenized in ice-cold lysis buffer (50 mM ␤ -glycerophosphate, pH 7.2, 0.5% Triton X-100, 0.1 mM sodium vanadate, 2 mM MgCl 2 , 1 mM EGTA, 1 mM DTT, 2 g/ml leupeptin, 4 g/ml aprotinin). The lysate was centrifuged at 4 Њ C for 10 min (10,000 g ), and the supernatants were adjusted to 100-200 g of protein in 0.5 ml. Cultured mIMCD-3 cells were similarly lysed after washing three times in ice-cold Tris-buffered saline.
For measurement of JNK activity, 100 l of 10% GST-c-Jun agarose beads was added. After 2 h of rocking incubation at 4 Њ C, the adsorbed proteins were washed three times in lysis buffer and resuspended in 40 l of 50 mM ␤ -glycerophosphate (pH 7.2), 0.1 mM sodium vanadate, 10 mM MgCl 2 , and 100 M [ ␥ -32 P]ATP (5,000 cpm/ pmol). The reactions were incubated for 20 min at 30 Њ C, then stopped by the addition of hot SDS sample buffer, and the lysates were heated in a boiling water bath for 5 min and subsequently subjected to SDS-PAGE on a 10% polyacrylamide gel, followed by autoradiography. The bands corresponding to phosphorylated c-Jun were excised and counted in a liquid scintillation counter.
For measurement of ERK activity, 2.5 l each of antiserum against ERK1 and ERK2 (#Sc-94 and #Sc-93 rabbit polyclonal antisera; Santa Cruz Biotechnology, Inc., Santa Cruz, CA) was added, along with 100 l of 10% protein A-Sepharose (Pharmacia, Piscataway, NJ). After 2 h of rocking incubation at 4 Њ C, the adsorbed proteins were washed three times in lysis buffer and resuspended in 40 l of 50 mM ␤ -glycerophosphate (pH 7.2), 0.1 mM sodium vanadate, 10 mM MgCl 2 , 100 M [ ␥ -32 P]ATP (5,000 cpm/pmol), 50 g/ml IP-20 (TTYADFIASGRTGRRNAIHD), and 200 M EGFR (662-681) peptide (RRELVEPLTPSGEAPNQALLR). The reactions were incubated for 20 min at 30 Њ C, then stopped by the addition of 10 l of 25% trichloroacetic acid. EGFR peptide phosphorylation was assessed by phosphocellulose filter binding as previously described (19) .
Measurement of p38 MAPK activation was carried out both by kinase assay and by immunoblot (as described below). Measurement of p38 MAPK activity by kinase assay was carried out similarly to the ERK assay, except that 5 l of antiserum against p38 MAPK (#Sc-535 rabbit polyclonal antisera; Santa Cruz Biotechnology, Inc.) was added, and the substrate peptide was 100 g/ml recombinant aminoterminal domain of ATF-2 (ATF-2NT) (20) . This assay has generally yielded a significantly lower signal than the JNK or ERK assays (11) , so the results were confirmed utilizing a separate Western blot technique described below. Both assays yielded similar results, so data were combined and expressed together.
Immunoblotting. Cultured cells or excised tissue was homogenized as above and lysates were heated in a boiling water bath after the addition of SDS sample buffer. Then, 50 g of protein was loaded per lane on either a 10% or 12.5% polyacrylamide gel and subjected to SDS-PAGE. Proteins were transferred to either Immobilon or NitroPlus (M.S.I., Westboro, MA), and the blot was blocked with 5% BSA, Fraction V (Amresco, Solon, OH) in Tris-buffered saline, pH 8, plus 0.1% Tween 80 for 2 h at room temperature. Antiserum incubation was done at 4 Њ C for 16 h in 5% BSA/Tween/TBS, after which the membrane was washed with Tween/TBS. Secondary antisera conjugated to horseradish peroxidase was incubated with the membrane for 2 h at room temperature in 5% BSA/Tween/TBS, followed by washes as above, and incubation with chemiluminescent substrate. Antibodies against HSPs were obtained from StressGen (Victoria, B.C., Canada) and were either mouse mAbs (#SPA-810 against inducible Hsp70 and #SPA-807 against Hsp60) or rabbit polyclonal antibodies (#SPA-801 against Hsp25 and #SPA-1101 against Hsp110). An antibody specific for the activated (phosphorylated at Thr180 and Tyr182) form of p38 MAPK was obtained from New England Biolabs (Beverly, MA). The intensity of the bands on Western blot films was determined by scanning with a video image scanner and digitizing software.
Statistics. Urine osmolalities and enzyme activities were analyzed by ANOVA and the Tukey-Kramer multiple comparisons test using the InStat software package (GraphPad Software, San Diego, CA). A P value of Ͻ 0.05 was considered significant.
Results

Effect of varying states of hydration on JNK, ERK, and p38
MAPK activity and expression. To determine whether the hydration state affected the activity of MAPK in the rat kidney, rats were placed in metabolic cages and given water ad libitum (controls), thirsted for 24 h, or were given D5W ad libitum for 24 h. Rats consume D5W at a higher rate than water, resulting in greater water loading and a significantly less concentrated urine. Urine osmolalities from rats in the three treatment groups were 2,944 Ϯ 294 mOsm/kg for thirsted rats, 2,179 Ϯ 153 mOsm/kg for water ad libitum controls, and 473 Ϯ 33 mOsm/kg for rats given D5W ad libitum (mean Ϯ SE, n ϭ 5) after 24 h of treatment ( Fig. 1) . Figure 1 . Urine osmolalities from rats either water restricted (thirst), given water ad libitum (control), or water loaded due to consumption of 5% dextrose (D5W). *P Ͻ 0.05 vs. control. **P Ͻ 0.001 vs. control. n ϭ 5. Fig. 2 A shows the activity of JNK in the renal papilla and cortex in various states of hydration. The papillae of thirsted rats had a 22% increase in JNK activity ( P Ͻ 0.05, n ϭ 5) when compared with water ad libitum controls, while the papillae of rats given D5W to drink, in which urinary osmolality was decreased by water loading, showed a striking 43% decrement ( P Ͻ 0.001, n ϭ 5). No such changes were observed in the cortex. Immunoblotting utilizing an antiserum that recognizes both the p46 and p54 forms of JNK revealed similar expression levels of p46 JNK in cortex and papilla and slightly higher expression of p54 JNK in the cortex, but no alteration by hydration (Fig. 2 B ) .
The effects of changes in hydration on ERK activity are shown in Fig. 3 A. Similar to the case with JNKs, the activity of ERKs increased in the thirsted rat by 49% ( P Ͻ 0.05, n ϭ 3) compared with water ad libitum controls and decreased in the D5W animals by 39% ( P Ͻ 0.05, n ϭ 3). Immunoblotting using an antiserum that recognizes both p44 and p42 ERK demonstrated that their expression was similar in cortex and medulla and not altered by hydration (Fig. 3 B ) .
The activation of p38 MAPK was measured both utilizing a kinase assay and by immunoblotting using an antiserum specific for the activated form of p38 MAPK, which is dually phosphorylated at Thr180 and Thr182. Fig. 4 A depicts that, as with JNKs and ERKs, the activity of p38 MAPK is increased in the papillae of thirsted rats by 15% ( P Ͻ 0.05, n ϭ 3) and decreased in rats given D5W by 26% ( P Ͻ 0.05, n ϭ 3). The basal p38 MAPK activity is much lower in the cortex than in the papilla. A minor increase in p38 MAPK activity was observed in the cortex of the water-restricted rats, but due to the much higher p38 MAPK activity in papilla, we cannot rule out that this activity is due to contamination of the cortical tissue by small amounts of papillary tissue. Fig. 4 B shows a representative immunoblot of activated p38 MAPK reflecting the minor increase in p38 activation in papillae of thirsted rats, the decreased activity in papillae of water-loaded rats, and its absence in the cortex. These changes are not due to differences in the expression of p38 MAPK, as shown by stripping the immunoblot and reprobing with an antiserum that does not distin- Figure 2 . (A) JNK activity in the papilla and cortex of rats either water restricted (thirst), given water ad libitum (control), or water loaded due to consumption of 5% dextrose (D5W). Activity is presented as a percentage of the activity observed in papilla of water ad libitum control rats. *P Ͻ 0.05 vs. control papilla. **P Ͻ 0.001 vs. control papilla. JNK activities in cortex were not significantly different from each other or from control papilla. guish between phosphorylated and nonphosphorylated forms (Fig. 4 C) .
Effect of varying states of hydration on the phosphorylation of the transcription factor c-Jun in situ. The statistically significant increase in kinase activities among the treatment groups with higher urinary osmolality does not ensure that the magnitude of kinase activation was sufficient to affect intracellular processes downstream of the kinases. To evaluate whether activation of JNK was sufficient to result in increased phosphorylation of endogenous downstream factors in situ, the phosphorylation of endogenous c-Jun in the cells of the papilla was determined by immunoblotting with an antibody specific for the phosphorylated form of the protein. Fig. 5 shows that while the level of c-Jun expression does not vary over the three treatment groups, there is a significant increase in intensity of the phosphorylated band in the papillary cells of the control and water-restricted rats compared with the rats given D5W, which had urinary osmolalities that were much lower than that of the control and water-restricted groups. Densitometric analysis revealed a minimal increase in the thirsted rat (115% of control, n ϭ 2) but a marked decrement in those given D5W (45% of control, n ϭ 2). This suggests that the magnitude of JNK activation observed in the papillae of rats with more hypertonic urine is physiologically as well as statistically significant. More importantly, it suggests that the magnitude of JNK activation in control rats given water ad libitum is sufficient to result in near maximal stimulation of downstream transcriptional events.
Effect of varying states of hydration on renal HSP expression. Several groups have documented increased HSP expression in cultured kidney cells in response to hypertonicity (6-8).
Expression of Hsp110, inducible Hsp70, and Hsp25 has been shown to follow the corticomedullary osmotic gradient in kidneys of rats given water ad libitum, being highest in the hypertonic inner medulla (21) , and has therefore been hypothesized to be osmotically regulated. We have shown that expression of a dominant negative mutant JNK2 cDNA in cultured mouse mIMCD-3 cells blocks hypertonicity-stimulated induction of the inducible Hsp70 (15) . We therefore sought to determine whether HSPs are regulated by hydration state in vivo. Fig. 6 shows expression levels of Hsp110, inducible Hsp70, Hsp60, and Hsp25, which were measured by immunoblot in lysates of papillae and cortex of rats that had been either water restricted, given water ad libitum, or D5W ad libitum. The expression levels of Hsp110, inducible Hsp70, and Hsp25 were much higher in the papilla than in the cortex. (Longer exposures of the Hsp100 and Hsp70 blots each show a small amount of expression in the cortex.) However, there was no Figure 4 . p38 MAPK activity in papilla and cortex of rats either water restricted (thirst), given water ad libitum (control), or water loaded due to consumption of 5% dextrose (D5W). (A) Activity is presented as percent of the activity observed in papilla of water ad libitum control rats. *P Ͻ 0.05 vs. control papilla. **P Ͻ 0.001 vs. control papilla. p38 MAPK activities in cortex were not significantly different from each other. n ϭ 3. (B) Representative Western blot of activated (phosphorylated) p38 MAPK in papilla and cortex of two rats from each treatment group (for details, see Methods). (C) Same representative Western blot shown in B after being stripped and reprobed with antibody against p38 that does not distinguish phosphorylated and nonphosphorylated forms in order to show total expression of p38 MAPK. medium. After 24 h of such treatment, levels of inducible Hsp70 and Hsp110 reached a maximum of expression at 500 mOsm/kg (Fig. 7, B and C) . JNK activity levels continued to increase over this range (Fig. 7 A) , in agreement with our previous study utilizing mannitol as the osmolyte (11) . These results mirror our observation that phosphorylation of c-Jun, the substrate of JNK, shows only a minor increase under conditions of water restriction compared with water ad libitum, while JNK activity continues to increase over this range (Fig. 5) .
Discussion
It is now well established that exposure of cultured renal cells to hypertonicity results in activation of several members of the MAPK pathway (11) (12) (13) . We have recently expanded these findings to show that expression of a dominant negative JNK2, but not JNK1, sensitizes mIMCD-3 cells to killing by hypertonicity (17) . Furthermore, these kinases may play a role in regulation of transcription of osmoregulated genes. In this regard, the observation of Kultz et al. (22) , in which a mutant of an upstream kinase of p38 MAPK, MKK3, failed to alter the function of an ORE, stands in contrast with the data of SheikhHamad et al. (14), who reported that the p38 MAPK inhibitor SB203580 blocks hypertonic induction of the betaine transporter mRNA. A role for MAPK is also supported by the observation that mIMCD-3 cells either expressing a JNK2 dominant negative mutant cDNA, or treated with PD098059, a pharmacologic inhibitor of the ERK pathway, or SB203580, an inhibitor of p38 MAPK, display significant inhibition of hypertonic induction of an ORE linked to a reporter construct (16) . However, it is of note that aldose reductase message induction was only blocked by a JNK2-dominant negative mutant.
The results of this present study extend observations in cultured renal cells to the in vivo setting. They are the first to Figure 5 . Phosphorylation of transcription factor c-Jun in papilla of rats either water restricted (thirst), given water ad libitum (control), or water loaded due to consumption of 5% dextrose (D5W). Proteins (100 g) were subjected to SDS-PAGE and immunoblotted with an antiserum specific for the phosphorylated form of c-Jun (right). The blot was then stripped and reprobed with an antiserum that does not distinguish between phosphorylated and unphosphorylated c-Jun to determine the total level of c-Jun expression (left). Representative data from two experiments. Figure 6 . HSP expression in papilla and cortex of rats either water restricted (thirst), given water ad libitum (control), or water loaded due to consumption of 5% dextrose (D5W). 30 g of protein was subjected to SDS-PAGE, and immunoblotting was carried out as in Methods. Representative data from two or three experiments.
significant difference in levels of papillary or cortical expression of HSPs among the three treatment groups (n ϭ 4 for each). Hsp60 was not expressed in papilla, although it was strongly expressed in cortex, suggesting it is not part of a process involved in adaptation to hypertonicity.
Dose response of JNK activation and HSP induction in cultured IMCD cells.
We hypothesized that HSP expression in the inner medulla may be osmotically regulated and that, due to the hypertonic environment of the inner medulla, it may be maximally stimulated even under water-loaded conditions. To determine the osmolality at which HSP expression would be expected to be maximal in cells of the renal inner medulla, cultured mIMCD-3 cells were subjected to a range of osmolalities, from 300 to 600 mOsm/kg, by adding NaCl to the culture demonstrate that in the rat, at the basal level of hydration, which is associated with the excretion of a concentrated urine ‫ف(‬ 2,000 mOsm/kg), there is a marked activation of the three members of the MAPK family when compared with rats induced to increase their water intake and thus dilute their urine. A further activation by ‫ف‬ 25% is observed in rats that are water deprived. This modest increase suggests that the fraction of the kinase activity that is osmoregulated is almost maximally stimulated under normal hydration conditions in vivo. In view of the fact that the renal papilla is constantly in a markedly hypertonic environment in order to subserve the needs of the urinary concentrating mechanism, such basal stimulation would appear to be physiologically appropriate. We also demonstrated that these changes in activity of the three MAPK family members observed in the papilla do not occur in the isosmotic cortex and are not due to differential expression of the kinases under various states of hydration.
All three members of the MAPK family have a number of isoforms (23, 24) , each of which may be regulated differently and perform different functions within the cell. However, since highly specific antisera to the isoforms are not yet available, our experiments cannot discern the particular isoforms which may or may not be activated by hypertonicity in vivo. The existence of isoform specificity is in fact suggested by our previous observation employing stable transfection of cultured cells with epitope-tagged JNK cDNAs, where JNK2, but not JNK1, appears to be osmoregulated (17) . Additionally, the kidney has been shown to express mRNAs corresponding to at least three isoforms of p38 MAPK (24) . In the present studies, we measured total kinase activity for each MAPK family member, which represents an averaging of the activity of all MAPK isoforms under each condition of hydration. The further dissection of isoforms that are osmoregulated will have to await the development of antibodies capable of specifically immunopre- cipitating active MAPK isoforms. Furthermore, the extrapolation of in vitro kinase assays to the in vivo situation must also take into account that levels of regulation in addition to phosphorylation, such as protein-protein interactions and changes in subcellular localization, could occur within the intact cell but cannot be detected with an in vitro assay.
It is worthy of note that we found persistent activation of the MAPK measured as long as 24 h after the initiation of differential hydration. This is in contrast to the transient nature of MAPK family enzyme activation in experiments involving cultured cells, in which the osmotic stimulus is generally delivered instantaneously by changing the culture medium. While this difference may be due to the more gradual change in tonicity in our in vivo experimental model, it is also possible that other mechanisms of MAPK activation, such as cross talk among other pathways, maintains the duration of the signal in vivo.
We examined whether the phosphorylation of a well known substrate of JNK, the transcription factor c-Jun, is altered in the papilla of the rats in the three treatment groups. We observed a marked enhancement in c-Jun phosphorylation when comparing animals with a high water intake (the D5W group) to those of the basal control group but could detect only a minimal further increase in water-restricted animals. Hence, as with the activities of the MAPKs described above, this observation also reflects the marked stimulation of osmosensing pathways at basal levels of hydration. It is of interest that this pattern mirrors the expression of aldose reductase in Sprague-Dawley rats observed by Cowley et al. (25) in which there was no difference in expression of either aldose reductase mRNA or protein between animals given water ad libitum and animals that were water deprived for 72 h, while aldose reductase mRNA expression was decreased relative to water ad libitum controls only when diuresis was induced by the injection of furosemide.
Several investigators have documented that HSP expression is induced by hypertonicity in cultured renal cells (7, 8, 14) , and the expression of several HSPs has been shown to increase along the corticomedullary osmotic gradient (21, 26) . We have also found that blocking the JNK pathway inhibits expression of inducible HSP70 mRNA and protein in mIMCD-3 cells (15) . We therefore examined the effect of various states of hydration on expression of several HSPs in renal papilla and cortex. In agreement with the observations of Muller et al. (21), we detected more HSP25 in the papilla than in the cortex and more Hsp60 in the cortex than the papilla. We extended these observations since Muller's study did not address the effects of varying hydration. Our data also confirm the observations of Santos et al. (26) , who report that in the mouse, Hsp110 is more plentiful in the medulla, and that unlike inducible Hsp70, it is increased by water restriction. We also found that expression of the inducible Hsp70 is not altered by the hydration state, but in the rat, none of the surveyed HSPs, including Hsp110, is altered by this maneuver. Thus, it is important to note that the capacity for increased expression of some HSPs in response to hypertonicity may be greater than others, and that these differences may be species specific. Notably, Kojima et al. identified a mouse cDNA encoding a novel member of the Hsp110/SSE family, Osp94, which shows an increase in renal inner medullary expression in mice after 24 h of water restriction and also follows the corticomedullary gradient of osmolality in the kidney (8) .
It must also be noted that even the animals in the D5W group whose water intake was greatly increased excreted hypertonic urine with U osm in the 500 mOsm/kg range. Our data in cultured mIMCD-3 cells examining Hsp70 and Hsp110 expression suggests that this hypertonic stress is sufficient in itself to maximally stimulate the expression of these HSPs. This is in contrast to the activation of the protein kinases, which can be further enhanced, but the activity of which is almost maximally stimulated under basal conditions.
It is attractive to postulate that activation of MAPK activity and induction of HSP expression are coordinated responses that allow renal cells to survive in a hypertonic environment. One would predict that agents that interfere with HSP expression and/or JNK activation could lead to decreased cellular viability by either necrotic or apoptotic mechanisms and thus impair urinary concentration. For example, a number of analgesics and nonsteroidal anti-inflammatory agents have been described as causing papillary necrosis (27) . While the mechanism has been postulated to be related to alterations in renal medullary blood flow, this effect has not been fully characterized. Schwenger et al. (28) have demonstrated that sodium salicylate blocks activation of JNK activity by tumor necrosis factor, and we have observed that indomethacin blocks activation of JNK activity in response to hypertonicity (Wojtaszek, P.A., L.E. Heasley, and T. Berl, unpublished observations). An examination of the effects of similar agents on in vivo MAPK activation in the kidney would clearly be of interest.
In conclusion, we have shown for the first time that activity of the MAPK enzymes is not only osmotically regulated in cultured renal cells but also in rat renal papilla in vivo, and that this activation correlates with urinary osmolality. Furthermore, we have shown that mechanisms such as HSP expression and phosphorylation of a downstream transcription factor that presumably protect renal cells from the effects of hypertonicity are maximally or near maximally stimulated under normal conditions of hydration in the hypertonic renal inner medulla.
